Some evidence suggests that phytoestrogens, such as soy-derived isoflavones, may have beneficial effects on cardiovascular health and glycemic control. These data are mainly limited to postmenopausal women or individuals at elevated cardiometabolic risk. There is a lack of data for pregnant women who have elevated estrogen levels and physiologically altered glucose and lipid metabolism. We analyzed data from 299 pregnant women who participated in the NHANES 2001-2008 surveys. Multivariable linear regression analyses were used to examine the association between urinary concentrations of isoflavonoids and cardiometabolic risk markers, adjusted for body mass index, pregnancy trimester, total energy intake, dietary intake of protein, fiber, and cholesterol, and demographic and lifestyle factors.
Introduction
Soy isoflavones, a plant-based class of phytoestrogens, have received considerable attention for their potential anticarcinogenic, cardioprotective, and antioxidant properties (1) . Isoflavones consist primarily of the glycosides daidzin and genistin, which are hydrolyzed into the bioactive aglycones daidzein and genistein through bacterial metabolism in the small intestine (2, 3) . Intestinal microbiota can further metabolize daidzein into the glycoside conjugates of equol or O-desmethylangolensin (O-DMA) 8 . Either the intact or modified phytoestrogens are absorbed by diffusion into circulation (1) . There are conflicting data with regard to the role of isoflavones in lipid and glucose metabolic regulation, which highlights the importance of further characterizing potential relations. Were a relation to exist, a potential mechanism involves the estrogen-mimicking characteristics of isoflavone. The chemical properties of isoflavones are similar to estradiol, both agonizing or antagonizing the a and b estrogen receptors (4, 5) .
There are some data suggesting that soy isoflavones have beneficial effects on lipid homeostasis and glycemic control (6) (7) (8) (9) (10) . However, these data are mainly limited to postmenopausal women or individuals at elevated cardiometabolic risk, such as patients with type 2 diabetes. Little is known regarding the effects of isoflavone intake on cardiometabolic health in pregnant women; women at elevated risk of developing glucose intolerance and dyslipidemia, partially attributable to elevated estrogen concentrations during pregnancy, may thus particularly benefit from isoflavone intake. In addition, isoflavones can diffuse across the placenta and reach the fetus (11, 12) . It has been postulated that soy isoflavones in fetal circulation may reduce the susceptibility to cardiometabolic disorders in adulthood (11, 13) . Animal studies have revealed the beneficial effects of soy isoflavones on fetal programming. For example, the offspring of mice fed isoflavones during pregnancy had a reduced risk of obesity and metabolic disorders in later life (14, 15) . Therefore, it is important to assess the relation between soy isoflavones and markers of lipid and glucose metabolism in pregnant women.
In the current study, we use data from the NHANES to examine potential associations between urinary isoflavone metabolite concentrations, biomarkers of dietary isoflavone intake, and cardiometabolic risk markers in pregnant women.
Methods
Study population. The NHANES is a cross-sectional study among the U.S. civilian population and is designed to assess health and nutritional status through interviews, along with physical and laboratory examinations (16) . A complex, multistaged, stratified, clustered sampling method is used in the NHANES, with oversampling of adolescents aged 12-19 y, older Americans aged $60 y, African Americans, and Mexican Americans. In the current study, we used data from 4 NHANES, 2001 4 NHANES, -2002 4 NHANES, , 2003 4 NHANES, -2004 4 NHANES, , 2005 4 NHANES, -2006 4 NHANES, , and 2007 4 NHANES, -2008 , in which urinary concentrations of isoflavones were measured. Each survey enrolled ;10,000 individuals evenly distributed between women and men (11, 039 (17) (18) (19) (20) . All participants provided written informed consent, and the study protocol was approved by the institutional review board at the CDC.
In the current study, we restricted our analysis to pregnant women who completed the FFQ and had valid urinary isoflavone concentrations (n = 299). The sample sizes varied for cardiometabolic risk biomarkers: n = 278 for total cholesterol (TC), 116 for LDL-cholesterol (LDL-C), 285 for HDL-cholesterol (HDL-C), 126 for TGs and the TG:HDL-C ratio, 128 for glucose, 127 for insulin, and 127 for HOMA-IR. We included individuals who had non-missing data for each of these markers to preserve statistical power.
Measurements. Blood was collected by venipuncture, and spot urine samples were collected in the NHANES mobile examination centers. Detailed specimen collection, processing, and testing information is available on the NHANES Web site (16) . Urinary concentrations of isoflavonoids, including genistein, daidzein, equol, and O-DMA, were measured by HPLC-electrospray ionization-MS/MS (21). Total isoflavones included daidzein, genistein, O-DMA, and equol. In data analyses, the concentrations of isoflavonoids were adjusted for urinary creatinine to account for variability in urine dilution. Cardiometabolic risk markers were measured as described previously (16) . Insulin resistance was estimated using HOMA-IR, which is equal to (fasting insulin in mU/mL 3 fasting glucose in mmol/L)/22.5 (22) .
Pregnancy tests were performed on female participants aged 12-59 y and menstruating females aged 8-11 y by a human chorionic gonadotropin test kit (Icon 25 hCG test kit; Beckman Coulter) to detect change in human chorionic gonadotropin in urine or serum. Physical examination, including weight, height, waist circumference, and blood pressure measurements, were performed at mobile examination centers following standard protocols. BMI was calculated as weight in kilograms divided by height in meters squared. BMI was based on the data that was available, and pregnant weight was measured at the time of the survey.
Dietary intake of soy foods was assessed by frequency of consuming soy milk and soy foods, such as tofu, cooked dried soy beans, soy burgers, or soy meat substitutes, using a self-administered FFQ designed to capture data during the past year (23) . For each food item, participants were asked how often they consumed each food item with prespecified portion sizes. The Diet*Calc software was used to produce daily food frequency estimates from the FFQ data. Because FFQ data does not capture servings for each individual soy-containing food, we were unable to obtain the amount of dietary intake of isoflavones from the FFQ. The questions in the FFQ remained the same across all of the years of data collection. For total energy intake and dietary intake of nutrients, the average of intakes from 2-d, 24- 
Age, race/ethnicity, education, pregnancy trimester, alcohol use, cigarette smoking, and physical activity were self-reported. Race/ ethnicity was categorized as non-Hispanic white, non-Hispanic black, Mexican American, other Hispanic, and other race/ethnicity. Educational attainment was categorized as less than high school graduate, high school graduate, and college or higher (which includes some college with no degree, associateÕs degree, bachelorÕs degree, and above). Smoking status was determined by the question on frequency of current cigarette smoking. Women who smoked every day or some days at the time of the survey were coded as being current smokers. Alcohol use was determined by the question on the average number of alcoholic drinks per day in the past 12 mo. Moderate-to-vigorous physical activity (MVPA) was defined as having moderate or vigorous physical activity over the past 30 d.
Statistical analyses. The complex sampling design of the NHANES was taken into account in statistical analyses. In descriptive analyses, arithmetic mean and weighted SE were reported for continuous variables, and counts and weighted percentages were reported for categorical variables. Weighted median and 95% CI were used to describe concentrations of urinary isoflavonoids and cardiometabolic risk markers that had skewed distributions.
x 2 test and ANOVA were used when appropriate to examine differences in characteristics of participants across quartiles of urinary isoflavone metabolite concentrations. Multivariable linear regression analyses were used to evaluate the association between cardiometabolic risk markers and creatinine-adjusted urinary concentrations of isoflavones. Analyses were adjusted for demographic characteristics (age, education, race/ethnicity), BMI, pregnancy trimester, total energy intake, nutrient intake, and lifestyle factors (alcohol consumption, cigarette smoking, and MVPA). Cardiometabolic risk markers were log-transformed to normalize the distribution of these variables. Geometric means and 95% CIs were obtained based on the least-square means estimated by quartiles of urinary isoflavone metabolite concentrations. The P-trend was tested by modeling the median value for each quartile of urinary isoflavone metabolites as a continuous variable. To examine the correlation between dietary soy intake and urinary isoflavonoids, sampleweighted partial PearsonÕs correlation coefficients were calculated. In addition, multivariable-adjusted means of urinary excretion of isoflavonoids were calculated by frequency of soy food intake, and P-trend was tested. All analyses were performed using SAS software (version 9.2; SAS Institute). Statistical significance for all tests was established at a = 0.05.
Results
The mean age of the participants was 28 y ( Table 1) . The majority were non-Hispanic white, followed by Mexican American, nonHispanic black, other ethnicity, and other Hispanic ethnicity. Most of the participants attained a college degree or higher. A small proportion (5.4%) of the pregnant women was current smokers. Sixty-two percent of the pregnant women had MVPA, and nearly half of the sample did not drink alcohol in the past year. The participantsÕ demographic characteristics varied by urinary concentrations of isoflavones. Compared with the participants in the lowest quartile of urinary total isoflavones, those in the highest quartile of total isoflavones were older (P = 0.01), had higher educational attainment (P = 0.01), and were more likely to be nonHispanic white (P = 0.001). Participants in the highest quartile of total urinary isoflavone excretion also consumed more protein (P = 0.01), fiber (P = 0.008), and cholesterol (P = 0.02) compared with those in the lowest quartile ( Table 2) .
The weighted median urinary total isoflavonoid concentration was 502 (95% CI: 260, 745) mg/g creatinine, and those of individual isoflavonoids were 48 (95% CI: 24, 73) mg daidzein/g creatinine, 22 (95% CI: 15, 29) mg genistein/g creatinine, 4 (95% CI: 3, 5) mg O-DMA/g creatinine, and 8 (95% CI: 6, 10)
Isoflavones and cardiometabolic risk markers 345 mg equol/g creatinine. The weighted median values of cardiometabolic risk markers were 211 (95% CI: 202, 219) mg/dL for TC, 110 (95% CI: 101, 118) mg/dL for LDL-C, 60 (95% CI: 58, 62) mg/dL for HDL-C, 159 (95% CI: 147, 170) mg/dL for TG, 2.7 (95% CI: 2.5, 3.0) mg/dL for TG:HDL-C ratio, 85 (95% CI: 83, 87) mg/dL for fasting glucose, 15.0 (95% CI: 12.2, 17.8) mU/mL for fasting insulin, and 3.4 (95% CI: 2.7, 4.0) for HOMA-IR.
Self-reported soy intake frequency was positively correlated with urinary isoflavone and its metabolite concentrations (Pearson's partial correlation, r = 0.4, P < 0.001 for total isoflavones; r = 0.3, P < 0.001 for daidzein; r = 0.3, P < 0.001 for O-DMA; r = 0.2, P < 0.001 for equol; and r = 0.3, P < 0.001 for genistein). Significant increasing trends were observed between urinary excretion of isoflavonoids and soy food intake frequency ( Fig. 1 ; P-trend = 0.0009 for daidzein, P-trend = 0.006 for equol, 2 Values are means 6 weighted SEs for continuous variables and n (%) for categorical variables, for which n was the actual number of participants included in the analysis and percentage was weighted estimates. 3 Includes some college with no degree, associateÕs degree, bachelorÕs degree, and above. 4 One drink is equivalent to a 12-oz beer, a 5-oz glass of wine, or 1.5 oz of liquor. It contains about 0.6 fluid oz or 14 g of pure ethanol alcohol. Table 3 presents the multivariable-adjusted geometric means for cardiometabolic risk markers by quartiles of urinary concentrations of isoflavonoids. In general, there was a significant inverse relation between concentrations of urinary isoflavonoids and some cardiometabolic risk markers: comparing women in the highest vs. lowest quartiles of total isoflavone concentration, multivariableadjusted fasting glucose concentrations were 79 vs. 88 mg/dL (P-trend = 0.0009), 8.2 vs. 12.8 mU/mL (P-trend = 0.03) for fasting insulin concentrations, 1.6 vs. 2.8 (P-trend = 0.01) for HOMA-IR, and 156 vs. 185 mg/dL (P-trend = 0.02) for TG.
The concentrations of individual isoflavonoids were also significantly inversely associated with some cardiometabolic risk markers, although no clear patterns emerged. Equol was associated with lower TG and TC when comparing the highest quartile with the lowest [143 vs. 194 mg/dL (P-trend = 0.004) for TG and 202 vs. 217 mg/dL (P-trend = 0.04) for TC]. A significant inverse association was also observed between equol and fasting glucose when comparing the highest quartile with the lowest [83 vs. 87 mg/dL (P-trend = 0.04)]. Daidzein was only associated with lower TC concentrations in the highest quartile (202 mg/dL) compared with the lowest quartile (230 mg/dL) (P-trend = 0.01). O-DMA concentrations were associated with lower TG (P-trend = 0.04) and TC (P-trend = 0.01) concentrations. Genestein was not associated with any cardiometabolic risk markers.
Discussion
In this population-based, cross-sectional investigation using NHANES data, we found that urinary concentrations of isoflavones were associated with a favorable profile of some lipids and markers of insulin sensitivity in pregnant women. To our knowledge, this is the first population-based study examining the association between urinary isoflavones and cardiometabolic risk markers explicitly among pregnant women.
Previous studies, primarily among postmenopausal women and patients with elevated cardiometabolic risks, have provided some evidence supporting the beneficial effect of soy intake on lipid and glucose metabolism. Several meta-analyses on the relation between soy consumption and serum lipids revealed that dietary soy intake may improve lipid profiles by modestly decreasing TC, TG, and LDL-C and increasing HDL-C concentrations (24) (25) (26) (27) (28) (29) . A recently published meta-analysis on soy isoflavones and glucose metabolism evaluated 10 randomized controlled trials conducted among perimenopausal and postmenopausal non-Asian women and found that soy isoflavones have a beneficial effect on glucose metabolism (30) . Although evidence on the benefits of isoflavones on cardiometabolic risk markers appears to be mounting, research specifically targeting pregnant women currently does not exist in the literature. It is known that plasma TG, cholesterol, and HDL-C concentrations increase progressively in normal pregnancy (31) (32) (33) and that insulin secretion has to be increased by 2-4 times during the 3rd trimester to compensate for the increased resistance to insulin attributable to hormonal changes during pregnancy (34) . Therefore, pregnant women are at high risk of glucose intolerance and hyperlipidemia. Gestational diabetes mellitus (GDM) is the most common medical complication of pregnancy; ;200,000 or 7% of pregnant women in the United States develop GDM every year (35) . Overweight and obese women are at substantially higher risk of developing GDM than women of normal weight (36) . Given altered pregnancy physiology and adaptive metabolic 
Isoflavones and cardiometabolic risk markers 347
derangements as a result of hormonal changes that preferentially support fetal needs, investigation of the associations between isoflavone and cardiometabolic risk markers during pregnancy is warranted. This study found a significant negative relation between urinary isoflavones and some cardiometabolic risk markers in pregnant women. Although the patterns and strengths of associations between individual urinary isoflavonoids and cardiometabolic risk markers varied, this study provided preliminary data on which additional research can be justified and based.
Several potential mechanisms have been proposed by which soy isoflavones may improve lipid and glucose metabolism. As phytoestrogens, isoflavones can compete with endogenous estrogen in binding to estrogen receptors a and b and thus modulate the effects of estrogens on glucose and adipose metabolism (37) . It has also been suggested that isoflavones may directly affect pancreatic b-cell function. In vitro and in vivo studies show that genistein stimulates insulin secretion in the insulin-secreting cell lines INS-1 and MIN6 (38, 39) and in cultured islets of Langerhans from mice (38, 40) . Genistein and daidzein increase the insulin:glucagon ratio and C-peptide concentration while preserving pancreatic b-cells in non-obese, diabetic mice (41) . In addition, isoflavones can bind to PPAR-a and PPAR-g, which are nuclear receptors that participate in cellular lipid homeostasis and insulin action (42) . Soy isoflavones have been found to inhibit lipogenesis and increase lipolysis in the liver and adipocytes, thereby reducing adiposity and improving insulin resistance (43) . In this study, we observed beneficial associations between soy isoflavones and some cardiometabolic risk markers in pregnant women. Because hormonal changes during pregnancy are known to alter glucose and lipid metabolism in an unfavorable manner, it is therefore desirable to explore how isoflavones as phytoestrogens can exert effects on lipid and glucose metabolism during pregnancy. It is also important to determine whether the effects vary among populations with different intake levels of soy.
The urinary concentrations of isoflavonoids among pregnant women in this study were comparable with those of the general U.S. population. The average urinary concentration of daidzein among pregnant women in the current study was 0.25 nmol/mg creatinine, 0.11 nmol/mg for genistein, 0.03 nmol/mg for equol, and 0.01 nmol/mg for O-DMA. These figures were close to those reported in a study using NHANES 2001-2004 surveys, which found that the average concentration of urinary daidzein in U.S. adults was 0.23 nmol/mg creatinine, 0.11 nmol/mg for genistein, 0.05 nmol/mg for equol, and 0.03 nmol/mg for O-DMA (44). It is worth noticing that soy intake levels in U.S. populations are much lower than in Asian populations. For example, a study in Shanghai found that the median urinary concentration of daidzein in middle-aged and elderly Chinese women was 5.57 nmol/mg creatinine, 2.41 nmol/mg for genistein, 0.11 nmol/mg for equol, and 1.52 nmol/mg for O-DMA (45) . Therefore, it is particularly intriguing to find that soy intake, even at relatively low levels, may still confer beneficial effects.
Equol, an intestinal bacterial metabolite of daidzein, is an important bioactive form of isoflavone. It appears to be superior to the parent isoflavones in binding affinity to estrogen receptors and antioxidant potencies (46) . Only approximately one-third of the population of Western countries excrete equol in urine after consuming soy foods (known as ''equol producers''), significantly lower than the reported one-half of equol-producers in Asian populations (46) (47) (48) (49) . In this study, only 22% of participants were classified as equol producers (i.e., urinary equol concentration > 1000 nmol/L) (50) . It was found that equol was associated with lower TG, TC, and fasting glucose. Compared with other isoflavonoids, equol had the strongest association with lipid and glucose metabolism.
This study has several strengths and limitations. Regarding strengths, we used data from the NHANES, a large, populationbased study with study protocols and procedures that are carefully designed and well-implemented. Soy isoflavone intake was measured by urinary excretion isoflavonoids, which objectively reflects biologically effective doses of isoflavones. It is challenging to capture isoflavone intake from all food and drink sources through an FFQ or 24-h recall because of the ubiquity of soy products in diets (51) . In addition, significant variation exists between an individualÕs ability to produce equol and O-DMA (52, 53) . Using urinary isoflavonoids can capture bioavailable levels of equol and O-DMA in human bodies. Finally, statistical analyses were carefully performed in this study to account for the complex sampling design and to control for potential confounders when investigating the association between isoflavone concentrations and cardiometabolic risk markers.
Regarding limitations, this study was cross-sectional, precluding the possibility of establishing a causal relation between isoflavone concentration and cardiometabolic risks. The small sample size limits the ability to consider ethnicity-specific or trimester-specific analyses. Combining data from multiple cycles introduces the possibility of batch variability, although such variability usually attenuates true associations. In addition, we cannot exclude the possibility of residual and unmeasured confounding. For example, urinary isoflavones were higher among older women, better educated women, and non-Hispanic white women. This finding is consistent with previous studies (45, 54) . It was observed in several studies that urinary isoflavonoids were higher among women who engaged in regular exercise and were non-smokers (45, 54, 55) . We found similar patterns in this study: those in the highest quartile of total urinary isoflavones had lower BMI, were less likely to be a current smoker, and reported more physical activity, although the differences were not statistically significant. Similarly, TG may have been influenced by MVPA, BMI, and alcohol consumption. Although we controlled for these factors, we cannot rule out the possibility that there was some residual or unmeasured confounding that contributed to the associations observed. Moreover, urinary isoflavone data were only available from a single spot urine sample, reflecting recent intake attributable to its short half-life (3-10 h) (56) . However, it was reported that urinary isoflavone concentrations could remain relatively stable, and isoflavone concentrations from a single spot urine sample could reflect the concentration of isoflavones in the body over a 1-y period (57) . In this study, we examined the correlation between urinary isoflavone concentration, which measures recent soy intake, and diet intake from FFQ, which measures dietary consumption in the past year. Significant correlations were found between urinary excretion concentration, the short-term intake marker, and soy intake from the FFQ, the relatively longterm measurement of diet intake, suggesting that at least in this population soy intake levels are probably stable over an extended period of time. The results are also in agreement with previous studies that have shown that urinary isoflavones are significantly associated with long-term dietary isoflavone intake (44, 58) .
In conclusion, the results of our study showed that urinary excretion of isoflavones was associated with lower circulating concentrations of some cardiometabolic risk markers in pregnant women, a subgroup of the population at increased risk of glucose intolerance and hyperlipidemia. Results from this study may validate associations in pregnancy currently confirmed in other populations. Our findings of varying degrees of associations between individual isoflavonoids and cardiometabolic risk markers supports additional investigation on the soy-cardiometabolic risk association among pregnant women.
